Electromagnetic forming is a method of high-speed metal workpiece forming technology that uses electromagnetic force pulses generated from the interaction of the magnetic flux density and workpiece induced eddy current. The main challenge of this technology is the control of the eddy current and magnetic flux density to perform various forming processes. This paper is aimed at overcoming this challenge by introducing a new electromagnetic sheet forming method based on discretely driven rings. In this method, a set of discrete conducting rings are placed between the driving coil and the metal workpiece to enhance the shaping process of the workpiece. By changing the number and position of the rings, the induced eddy current can be adjusted, and different electromagnetic force distribution profiles can be realized. COMSOL software is used to develop an electromagnetic field-structure coupling model of the proposed electromagnetic forming method. The characteristics of the electromagnetic force distribution and its effect on the workpiece forming process are analyzed. Results show that the electromagnetic force distribution profile can be controlled by adjusting the rings physical parameters such as diameter, material, and position. The proposed method can effectively improve the performance of the conventional electromagnetic forming technology and has the potential for implementation in wide industry applications.
I. INTRODUCTION
Electromagnetic forming (EMF) is a high-speed forming method that employs electromagnetic force pulses to shape metal workpieces [1] - [5] . Compared with traditional machining, the EMF features high strain rate (10 −3 -10 −5 s) that improves the forming process of metal materials [6] - [8] . Depending on the nature of the forming process, EMF can be divided into tube and sheet metal forming processes [9] , [10] . For a tube forming, the electromagnetic force is evenly distributed along the workpiece which results in accurate forming. On the other hand, the current metal sheet EMF The associate editor coordinating the review of this manuscript and approving it for publication was Guijun Li . method comprises uneven electromagnetic force distribution which affects the forming accuracy. As such, several some research attempts have been published in the literature to overcome this issue. For instance, Daehn and collaborators proposed a uniform pressure driving coil to improve the spatial distribution of the electromagnetic force along the metal sheet [11] , [12] . Li Qiu et al proposed a locally loaded EMF method that could achieve uniform forming effect on the workpiece through a concentrated electromagnetic force loading technique [14] . To compensate for the insufficient electromagnetic force on workpieces of low conductivity and improve the forming limit, an additional driver of high conductivity between the driving coil and the workpiece is proposed in [12] , [13] . While good results have been achieved through the above research attempts, the control of the current EMF method for metal sheet workpieces is not flexible enough and cannot meet the requirements of different processing fields [15] - [20] . Aiming at this point, this paper proposes an EMF method based on the utilization of discretely driven rings. In this context, an electromagnetic field-structure coupling model for the EMF process with the additional rings is established using COMSOL commercial software. The characteristics of the electromagnetic force distribution and the forming effect on the metal sheet are analyzed and the effectiveness of the proposed method is verified.
II. BASIC PRINCIPLE AND DESIGN
A. EMF BASIC PRINCIPLE AND PROPOSED METHOD Figure 1 (a) shows a schematic of the traditional metal sheet electromagnetic forming. In this method, a capacitor bank is used to discharge a pulse current into the driving coil which generates an induced eddy current in the workpiece. The interaction of this induced eddy current and the magnetic flux density results in electromagnetic force pulses of high speed to form the workpiece [3] , [7] .
Based on Maxwell's equations, the method in Fig. 1 (a) can be modeled as:
where E is the electric field intensity, B r is the radial magnetic flux density, B z is the axial magnetic flux density, v z is the plate axial velocity, γ is the plate conductivity, and J is the ring induced eddy current density. The electromagnetic force exerting on the metal sheet is mainly composed of axial component, F z that can be calculated from:
From the above equations, the electromagnetic force distribution is playing an important rule in controlling the quality of the metal sheets forming process.
As can be seen from (3), the electromagnetic force distribution is determined by the induced eddy current and the magnetic flux density [21] - [23] . The induced eddy current in the workpiece is difficult to control, hence the traditional EMF method exhibits singular force distribution that cannot meet the requirements of different metal sheets processing.
To solve this problem, a set of discrete driving conducting rings is proposed in this paper. The rings are introduced into the traditional electromagnetic forming setup as shown in Fig. 1 (b) . They are placed between the driving coil and the workpiece. The basic principle is as follows:
The impulse current in the driving coil generates an induced eddy current in the discrete rings and consequently a pulsed electromagnetic force. The discrete-driven rings are accelerated to a certain speed and hit the metal sheet to complete the forming process. By changing the cross sectional diameter, material, and distribution of the rings, the induced eddy current can be regulated to a certain extent to meet different forming processing requirements.
B. SIMULATION MODEL OF THE SHEET EMF BASED ON DISCRETE RINGS
The proposed method is validated through simulating a finite element two-dimensional axisymmetric model of the discrete driving sheet metal bulging process using COMSOL commercial software. The simulated metal sheet is AA-1060 aluminum alloy of 200mm diameter and 2 mm thickness. The detailed simulation parameters are listed in Table 1 . As shown in the simulation flowchart of Figure 2 , there are four physical models comprising the overall system as briefly described below:
1) GLOBAL ODEs AND DAEs MODEL
This model is built based on the equivalent circuit shown in Figure 3 . The pulse current in the driving coil can be calculated from this circuit as per the below equations: The first term in the current balance equation of the discharge circuit in (4) comprises the capacitor current (CdU/dt), the pulse current of the driving coil (I coil ) and the current of the crowbar circuit (U /R d ).
The voltage balance equation of the discharge circuit includes the voltage drop across the line and coil resistances ((R L + R C )I coil ), the inductance voltage drop (LdI coil /dt) and the voltage drop across the discrete driving rings (d/dt( M i I i ) where i is the number of rings.The third equation in (4) represents the current balance of the crowbar circuit of the discharge circuit.
From (4), the following two equations can be derived:
This module realizes the circuit electric field coupling through two parameters of I coil and V coil .
2) MAGNETIC FIELDS MODEL
This model is used to calculate the magnetic flux density in the space domain and the induced current in the discrete rings. It also provides the electromagnetic force load for the Solid Mechanics model.
The equation of the driving coil domain is:
where J coil is the current density of the driving coil, N is the number of turns of the coil, A is the coil cross-sectional area, H is the magnetic field intensity and µ 0 is the permeability of the free space.
The equation of the discrete ring domain is:
where v ring is the velocity of the discrete ring and J ring is the induced eddy current density in the ring.
The equations of air and metal sheet domain is:
The electromagnetic force on the discrete ring is:
3
) SOLID MECHANICS MODEL
This model is used to simulate the acceleration of the conducting rings and to model the workpiece plastic deformation caused by the conductor ring. The output of this model is fed back to the magnetic field model, thus establishing the electromagnetic field-structure coupling. The displacement equation of the discrete ring is:
where σ is the stress tensor and u is the displacement of the discrete ring. The metal sheet is deformed due to the high speed collision of the accelerated rings. Thus, the influence of the high-speed deformation on the material constitutive should be considered. Cowper-Symonds material constitutive model (Eqn. 12) is used to reveal the plastic deformation behavior of the metal sheet.
where σ is the dynamic flow stress, σ y is the quasi-static flow stress, ε is the strain rate, P = 6500 s −1 , and m is an exponent that depends on the material properties (0.25 for aluminum alloy).
4) MOVING MESH MODEL
The purpose of this module is to update the air domain grid in the vicinity of the rings and workpiece to increase the calculation accuracy. The model used in this paper is similar to the model presented by the authors in [14] . Figure 4 shows the electromagnetic force distribution and workpiece forming effect under different loadings. When the traditional EMF is adopted, the electromagnetic force increases first and reaches a crest level at the center of the plate and decreases at the outer edges. The electromagnetic force maximum amplitude generally appears near the middle of the inner and outer radius of the drive coil as shown in Figure 4 (a). This electromagnetic force distribution profile forms the workpiece in a convex shape. When discrete-driven rings are employed, the electromagnetic force distribution can be controlled as shown in Figure 4 (b). In this figure, four groups of conductor rings were placed close to the center of the plate and five groups of the conductor rings were placed near to the plate outer edge. The electromagnetic force is only distributed on the conductor ring and because of the skin effect this force is mainly distributed on the outer part. This form of the electromagnetic force loading results in a concave forming of the workpiece. While the electromagnetic force distribution and forming effect based on the discrete driven rings are highly controllable, this method is difficult to analyze and validate experimentally due to the large number of used rings. To simplify the analysis, a single conductor ring is used to drive the workpiece. The electromagnetic force distribution and forming effect of this simplified model are shown in Figure 4(c) . Results show that a single conductor ring is equivalent to a local load forming. Therefore, to meet different processing requirements, a change in geometrical parameters of the conductor ring is essential.
C. ELECTROMAGNETIC FORCE DISTRIBUTION AND FORMING EFFECT OF THE PROPOSED METHOD

III. ELECTROMAGNETIC FORCE DISTRIBUTION AND FORMING EFFECT OF EMF USING A SINGLE CONDUCTOR RING
To further study the effect of using a single conductor ring on the electromagnetic force distribution, a single ring of a circular cross-section and a diameter of 4 mm is simulated. The equivalent radius of the ring is increased gradually from 10 mm to 70 mm in steps of 5 mm. Figure 5 shows the spatial distribution of the peak axial electromagnetic force density for EMF using a single conductor ring at different spatial distribution. The electromagnetic force density initially increases and then decreases with the increase of the equivalent radius of the conductor ring. When the equivalent radius of the conductor ring is 40-45 mm, the peak electromagnetic density reaches a maximum value. Figure 6 shows the time distribution of the electromagnetic force during the EMF process using a single conductor ring at different distribution positions. It can be observed that the electromagnetic force increases to a maximum point and then decreases with the increase of the equivalent radius of the conductor ring. The force reaches a maximum when the equivalent radius of the conductor ring is 50-55 mm.
The axial electromagnetic force is the volume integral of the axial electromagnetic force density. With the increase of the equivalent radius (r), the volume of the conductor ring increases. Therefore, the position corresponding to the maximum value of the axial electromagnetic force slightly lags the density of the axial electromagnetic force. Figure 7 presents the deformation profile of the workpiece during the EMF process using a single conductor ring at different distribution positions. The maximum deformation of the workpiece is consistent with the change in the axial component of the electromagnetic force. By increasing the equivalent radius of the conductor ring, the deformation initially increases and then decreases. When the equivalent radius of the conductor ring is 45-50 mm, the deformation of the workpiece reaches a peak value of about 16 mm. Also it can be seen that the deformed contour of the workpiece is not a conical shape like the traditional electromagnetic forming but it exhibits a relatively flat bottom under some loading conditions. These results reveal that various workpiece forming profiles can be obtained by changing the geometrical parameters of the conductor ring.
IV. ANALYSIS OF FORMING UNIFORMITY OF EMF USING A SINGLE CONDUCTOR RING
To reveal other advantages of the proposed EMF process based on a single conductor ring, various geometric dimensions of the conductor ring are investigated with the aim of achieving uniformity in the deformed workpiece. As shown in Figure 8 , two parameters are introduced: the plate center uniform region D r and the plate edge deformation angle θ r . D r is defined as the plate deformation radius greater than 95% of the maximum deformation. The angleθ r is defined as the angle between a constrained point G on the initial plate and a point H where the deformation of the workpiece is 50% of the maximum deformation as shown in Figure 8 ; thus,
where h represents a 50% of the maximum deformation amount and y is the length between a fixed constraint point of the workpiece and the projection point of H on the initial plate. Further analysis has been conducted by changing the discharge voltage to obtain the same maximum deformations of 8mm, 14mm and 30mm at different conductor Table 2 .
The uniformity parameters of the workpiece are also plotted as shown in Figures 9 through 11 . It can be observed that for maximum deformations of 8 mm, 14 mm, and 30 mm, the conductor ring is placed at r = 30 mm, and the workpiece deformation is the most uniform with a radial extend of 60 mm that accounts for 37.5% of the entire forming area of the metal sheet.
The uniformity trend can be visually examined from Figure 12 which shows the workpiece contour for a maximum deformation of 30 mm at two positions of the conductor ring. it can be seen that when r = 30 mm, the area within a 60 mm range is relatively uniform with improved edge deformation angle. When r = 65 mm, resulted deformation is irregular which is quite similar to that of the current traditional loading.
The above results clearly reveal that by controlling the electromagnetic force distribution, the proposed EMF using discrete rings can achieve better and wider range of metal sheet deformations than the EMF traditional method currently used by industry practice.
V. CONCLUSION
Because it is difficult to control the electromagnetic force distribution profile in the current traditional electromagnetic forming of metal sheets, this paper proposes a cost effective EMF technique of metal sheets using additional discrete ring. Using an electromagnetic field-structure coupling model, the feasibility of the proposed technique to control the electromagnetic force distribution profile is validated. This feature facilitates the new EMF method to realize the processing requirements for different workpieces. Results also show that when a single conductor ring-based EMF method is adopted, a uniform workpiece deformation can be achieved by changing the geometrical dimensions of the ring. While the feasibility of the proposed EMF technique is proven in this paper through detailed finite element analysis, further validation through experimental measurements is to be presented in the future.
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